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Summary
Calcium/calmodulin-dependent protein kinase II (CaMKII)
has been described as a biochemical switch that is
turned on by increases in intracellular calcium to me-
diate synaptic plasticity. Here, we show that reduc-
tions in CaMKII activity trigger persistent increases in
intrinsic excitability. In spontaneously firing vestibu-
lar nucleus neurons, CaMKII activity is near maximal,
and blockade of CaMKII activity increases excitability
by reducing BK-type calcium-activated potassium
currents. Firing rate potentiation, a form of plasticity
in which synaptic inhibition induces long-lasting in-
creases in excitability, is occluded by prior blockade
of CaMKII and blocked by addition of constitutively
active CaMKII. Reductions in CaMKII activity are nec-
essary and sufficient to induce firing rate potentiation
and may contribute to motor learning in the vestibulo-
ocular reflex.
Introduction
Experience produces adaptive changes in behavior by
modifying signaling in neural circuits. Although the pre-
dominant mechanisms of behavioral learning are com-
monly assumed to be experience-dependent changes
in synaptic strength and connectivity, increasing evi-
dence implicates regulation of intrinsic neuronal excit-
ability. Activity-dependent changes in excitability, first
demonstrated in the context of associative learning in
invertebrates (Alkon, 1984), have now been observed in
many types of mammalian central neurons (reviewed
in Zhang and Linden, 2003; Daoudal and Debanne,
2003). A common theme in both intrinsic and synaptic
plasticity is that their induction involves transient in-
creases in intracellular calcium levels.
The notion that plasticity is induced by increases in
intracellular calcium derives largely from studies of
neurons that are silent in vitro, in which basal calcium
levels are low. In hippocampal pyramidal neurons, for
example, the induction of long-term synaptic potentia-
tion and depression (LTP and LTD, respectively) both
rely on increases in intracellular calcium evoked by ex-
citatory synaptic stimulation; large increases in [Ca] trig-
ger activation of calcium/calmodulin-dependent protein
kinase II (CaMKII) and LTP (Barria et al., 1997), while mod-
erate increases in Ca2+ lead to activation of the phospha-
tase calcineurin and LTD (Mulkey et al., 1994). In con-
trast, many neurons in the intact brain fire spontaneous
action potentials that are driven either by ongoing syn-*Correspondence: sascha@salk.eduaptic activity or by intrinsic pacemaking mechanisms.
Given that calcium enters neurons via voltage-gated
channels during each action potential, spontaneously
firing neurons are likely to have locally elevated levels
of intracellular calcium that set a different balance of
downstream kinases and phosphates than in silent
neurons. By implication, the rules for calcium-depen-
dent plasticity may differ in spontaneously firing versus
silent neurons. Support for this idea derives from
studies of firing rate potentiation (FRP), a form of plas-
ticity in spontaneously firing neurons in which synaptic
inhibition triggers long-lasting increases in intrinsic ex-
citability (Nelson et al., 2003).
In spontaneously firing neurons in the medial vestibu-
lar nucleus (MVN), brief periods of synaptic inhibition
or membrane hyperpolarization evoke FRP, which is ex-
pressed as persistent increases in both spontaneous
firing and firing response gain via reductions in BK-type
calcium-activated potassium currents (Nelson et al.,
2003). MVN neurons, which transform head motion sig-
nals into eye movement commands, are critical for cer-
ebellar-dependent motor learning in the vestibulo-ocu-
lar reflex (VOR). FRP is an attractive candidate mechanism
for motor learning in the VOR, which relies on synaptic
inhibition from cerebellar Purkinje cells and is accom-
panied by increases in MVN neuronal excitability (Cam-
eron and Dutia, 1997; Darlington et al., 2002; Lisberger
and Pavelko, 1988).
The induction mechanism of FRP is unique among
currently described forms of cellular plasticity; FRP is
driven by decreases in intracellular calcium resulting
from synaptic inhibition and reduced firing rates (Nel-
son et al., 2003). How do transient decreases in intra-
cellular calcium lead to persistent increases in excit-
ability? In many systems, CaMKII serves as a “molecular
switch,” converting brief changes in synaptic activity or
calcium influx into long-term changes in receptor ex-
pression or ion channel activity (Barria et al., 1997; Fink
and Meyer, 2002; Lisman et al., 2002; Varga et al., 2004;
Welsby et al., 2003). CaMKII is an attractive candidate
for the induction of FRP, as it is sensitive to calcium and
regulates MVN neuron excitability via BK-type channels
(Smith et al., 2002). Here, we show that, in contrast to
the well-studied requirement for increased CaMKII ac-
tivity in the induction of synaptic plasticity, decreases
in CaMKII activity are both necessary and sufficient to
induce FRP.
Results
CaMKII in Vestibular Nucleus Neurons
To determine whether CaMKII is expressed in the MVN,
tissue homogenates from mouse MVN were immu-
noblotted with antibodies to the α and β subunits of
CaMKII, the predominant isoforms in neurons (Miller
and Kennedy, 1985). As shown in Figure 1A, both
αCaMKII and βCaMKII were detected in the MVN. A
doublet in the βCaMKII position (58 kDa and 60 kDa)
suggests the presence of multiple splice variants of
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iFigure 1. Phosphorylated CaMKII in Medial Vestibular Nucleus
gNeurons
((A) Homogenates of medial vestibular nucleus (MVN), immunoblot-
ted with anti-βCaMKII (left), anti-αCaMKII (center), and anti-phos- c
pho-T286/287 CaMKII (right). Both αCaMKII (55 kDa) and βCaMKII D
(58 and 60 kDa) were detected in the MVN, but only βCaMKII was r
highly phosphorylated on T286/287 in the basal state. (B) A coronal
pslice of the brainstem stained with anti-phospho-CaMKII shows
nthat the majority of neurons in the MVN are positive for CaMKII
phosphorylated on T286/287. Scale bar, 100 m. Insets show mag- r
nified images from the same tissue, stained with anti-phospho- d
T286/287 CaMKII (left panel) and anti-βCaMKII (middle panel), with M
an overlay shown in the right panel. Scale bar, 25 m.
a
aβCaMKII in the MVN. A single band at 58 kDa was ob-
pserved in a forebrain sample prepared and run in paral-
elel with the MVN samples (data not shown).
iMVN neurons fire spontaneous action potentials both
sin vivo (Fuchs and Kimm, 1975) and in brain slices (see
2inset in Figure 2C). We hypothesized that the calcium
ainflux resulting from these regular depolarizing events
omight lead to persistent activation of CaMKII via Ca2+/
tCaM-dependent autophosphorylation. Probing MVN
ftissue extracts with an antibody against phosphoryla-
2tion at T286/287, the residue associated with persistent
tCaMKII activity, confirmed this hypothesis. Figure 1A
tshows strong expression of this phospho-CaMKII in the
AMVN, particularly prominent at the molecular weight
bcorresponding to βCaMKII. The high level of phospho-
bCaMKII in MVN neurons was confirmed by immuno-
tlabeling of brainstem slices. The majority of MVN neu-
srons contained autophosphorylated CaMKII, and most
iβCaMKII-containing neurons were double labeled with
tthe phospho-specific antibody (Figure 1B). These find-
lings confirm that CaMKII is present in the MVN and that
pa substantial proportion is basally autophosphorylated
on T286/287. Cnhibition of CaMKII Increases Excitability
o examine the consequences of elevated CaMKII ac-
ivity on neuronal excitability, MVN neurons were re-
orded in brain slices during pharmacological blockade
f CaMKII. Experiments were performed in the pres-
nce of blockers of synaptic transmission. The neuron
hown in Figure 2A fired stable, spontaneous action
otentials at 10 spikes/s. Addition of the CaMKII inhibi-
or KN-62 (10 M) to the bath solution produced a grad-
al increase in the neuron’s firing rate that reached a
lateau level of 19 spikes/s within 10 min (Figure 2A).
cross neurons, KN-62 evoked increases in firing rate
f 91% ± 25% (Figure 2E; n = 13; p = 0.003). To confirm
hat the increases in spontaneous firing rate were
aused by reductions in CaMKII activity, the peptide
nhibitor CaMKII 290–309, which contains the autoin-
ibitory domain of the protein (Colbran et al., 1989),
as applied via the recording electrode. Dialysis with
aMKII 290–309 (10–50 M) increased spontaneous fir-
ng rates by 90% ± 20% (Figure 2E; n = 11; p = 0.005).
hese results demonstrate that CaMKII activity regu-
ates intrinsic excitability in MVN neurons.
In addition to increasing spontaneous firing rate,
aMKII inhibition also produced increases in firing re-
ponse gain, assessed as the slope of the relationship
etween intracellularly applied current and evoked fir-
ng rate. Blockade of CaMKII with KN-62 increased the
ain of the neuron shown in Figure 2B from 351 to 433
spikes/s)/nA. On average, KN-62 evoked gain in-
reases of 42% ± 10% (Figure 2F; n = 16; p < 0.001).
ialysis with the peptide inhibitor CaMKII 290–309 also
esulted in robust increases in gain (Figure 2F; n = 10;
= 0.008). In contrast, in control neurons, both sponta-
eous firing rate and gain were stable over 30 min of
ecording (Figures 2E and 2F). Together, these results
emonstrate that the level of intrinsic excitability in
VN neurons is set by high resting activity of CaMKII
nd that inhibition of CaMKII induces increases in excit-
bility.
The increases in spontaneous firing rate and gain
roduced by CaMKII inhibition are reminiscent of those
voked during FRP, in which brief periods of synaptic
nhibition or membrane hyperpolarization induce per-
istent increases in intrinsic excitability (Nelson et al.,
003). For comparison with the results of CaMKII block-
de, the effects of prior membrane hyperpolarization
n the spontaneous firing rate and gain of a representa-
ive neuron are shown in Figures 2C and 2D. The neuron
ired stably at 15 spikes/s and had an intrinsic gain of
03 (spikes/s)/nA. Following 5 min of hyperpolarization,
he neuron’s spontaneous firing rate and gain increased
o 21 spikes/s and 235 (spikes/s)/nA, respectively.
cross neurons, hyperpolarization increased firing rate
y 46% ± 9% (n = 21; p < 0.001) and potentiated gain
y 20% ± 3% (n = 52; p < 0.001). The similarities be-
ween FRP and the effects of blocking CaMKII activity
uggest that the increases in excitability induced dur-
ng FRP may be mediated by reductions in CaMKII ac-
ivity. The increases in excitability induced by hyperpo-
arization were smaller than those observed during
harmacological blockade of CaMKII, indicating that
aMKII activity is not reduced completely during FRP.
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Rate Potentiation
(A) Spontaneous firing rate versus time in a
neuron treated with KN-62 (10 M). Prior to
drug application, firing rate was stable at 10
spikes/s, increasing to 19 spikes/s with KN-
62. Insets show action potentials before and
after application of KN-62.
(B) Relationship between injected current
and evoked firing rate prior to (open sym-
bols) and during (filled symbols) application
of KN-62. The slope of the input current-out-
put firing rate (IF) relationship increased from
351 (spikes/s)/nA at baseline to 433 (spikes/s)/
nA following treatment with KN-62. Data are
from a different neuron than in (A).
(C) Firing rate versus time in a neuron chal-
lenged with an FRP protocol. At baseline,
the spontaneous firing rate averaged 15
spikes/s. Following hyperpolarization (5 min
of 1 s hyperpolarizing current injections,
given at 0.5 Hz), spontaneous firing in-
creased, averaging 21 spikes/s 30 min later.
(D) Firing response gain in a different neuron
potentiated with an FRP protocol. Prior to
hyperpolarization, gain was 203 (spikes/s)/
nA (open symbols); 30 min following hyper-
polarization, gain had increased by 16% to
235 (spikes/s)/nA.
(E) Ratio of spontaneous firing rates re-
corded before and after saturating applica-
tion of KN-62 or CaMKII 290–309 (50 M).
Control represents measurements 30 min
apart in untreated neurons (n = 8). Error bars
indicate SEM.
(F) Ratio of firing response gains measured
over a >30 min period in control neurons,
and before and after drug application in neu-
rons exposed to KN-62 or CaMKII 290–309.
Error bars indicate SEM.CaMKII Blockade Alters Excitability via Calcium-
Activated Potassium Channels
FRP is expressed as a decrease in BK-type calcium-
activated potassium currents (Nelson et al., 2003). Does
inhibition of CaMKII increase excitability via the same
mechanism? Analyses of action potentials and input re-
sistance indicate that CaMKII blockade reduces potas-
sium currents in MVN neurons. Examples of averaged
action potentials prior to and following KN-62 applica-
tion are shown in Figure 3A; afterhyperpolarization
(AHP) amplitude decreased in all neurons recorded,
with an average decrease of 3.3 ± 0.6 mV (n = 11; p =
0.004; Figure 3B). Similar changes were observed with
CaMKII 290–309 (n = 10; p = 0.004; Figure 3B). In con-
trast, minimal changes in AHP amplitude were ob-
served in control neurons measured over a similar
period of time (n = 8; p > 0.05; Figure 3B). CaMKII inhibi-
tion evoked a modest increase in input resistance that
averaged 33% ± 11% (n = 16; p = 0.008) in neurons
treated with KN-62 and 23% ± 7% (n = 25; p = 0.002)
in neurons dialyzed with CaMKII 290–309. Decreases in
AHP amplitude and increases in input resistance are
consistent with closure of potassium channels and oc-
cur both following blockade of BK channels in MVN
neurons (Smith et al., 2002) and after the induction of
FRP (Nelson et al., 2003).
To examine more directly whether CaMKII blockadealters BK-type calcium-activated potassium currents,
AHP currents were measured in whole-cell voltage
clamp. Neurons were held at −65 mV (the average
membrane potential during spontaneous firing), and an
unclamped action current was triggered by a brief, 0.5
ms pulse to +25 mV, which was followed by a return of
the holding current to −60 mV to enable measurement
of the AHP current. The AHP current peaked within
3 ms of the action current and decayed over about 30
ms (Figure 3C). Inhibition of CaMKII activity with KN-62
reduced the AHP current substantially. Figure 3E shows
that the KN-62-sensitive difference current, obtained by
subtracting the AHP current in KN-62 from the control,
had an amplitude of 63 pA when measured 4 ms after
the triggered action current (capacitative transients
precluded reliable estimates of peak AHP current). KN-
62 reliably reduced the AHP current in each of four neu-
rons tested by 97 ± 36 pA (n = 4; p = 0.03).
To determine whether this decrease in AHP current
was mediated by a reduction in BK currents, the BK
channel antagonist iberiotoxin (IBTX; 150 nM) was ap-
plied in conjunction with KN-62. In the neuron shown
in Figure 3D, BK channel blockade with IBTX evoked a
pronounced decrease in the AHP current. The average
IBTX-sensitive current measured was 112 ± 11 pA (n =
5 neurons), similar in magnitude to the average KN-62-
sensitive AHP current. Following IBTX application, sub-
Neuron
626Figure 3. Blockade of CaMKII Reduces the
Afterhyperpolarization via Reduction in BK
Currents
(A) Averages of 20 to 30 action potentials
prior to (solid line) and during (dashed line)
application of the CaMKII inhibitor KN-62.
The horizontal dashed line marks action po-
tential threshold, −48 mV.
(B) Summary of changes in AHP amplitude
in control neurons and those exposed to
blockers of CaMKII. Error bars indicate SEM.
(C) AHP current measured in a representa-
tive neuron before (solid line) and during
(dashed line) application of KN-62. The neu-
ron was held at −65 mV, and an unclamped
action current was generated by stepping to
+25 mV for 0.5 ms, after which the mem-
brane potential was returned to −60 mV to
reveal the AHP current. Capacitative cur-
rents precluded analysis of the first 2 ms fol-
lowing the action current, which are grayed
out. Traces show average of three re-
sponses.
(D) Averaged spike-triggered AHP current
measured at baseline (black line), during ap-
plication of iberiotoxin (IBTX; gray line), and
during subsequent application of KN-62 in
the presence of IBTX (black dotted line). The
traces in IBTX and KN-62 overlap.
(E) KN-62-sensitive AHP current, calculated
by subtracting the AHP current in KN-62 from the control current.
(F) IBTX-insensitive, KN-62-sensitive AHP current, calculated by subtracting the AHP current obtained in the presence of both KN-62 and
IBTX from that obtained in IBTX alone.sequent addition of KN-62 did not further affect the C
oAHP current (Figure 3F); across neurons, the residual
KN-62 sensitive current following blockade of BK chan- s
pnels with IBTX was −5 ± 9 pA (n = 4). These results
indicate that blockade of CaMKII produces increases in r
cexcitability via decreases in BK-type calcium-activated
potassium currents. When active, CaMKII positively t
regulates BK channels, either directly or indirectly,
maintaining low levels of intrinsic excitability. When F
ICaMKII is inhibited, BK currents decrease, resulting in
increased excitability. t
s
cBlockade of CaMKII Occludes FRP
The results presented thus far suggest that FRP may be c
striggered by reductions in CaMKII activity. If this were the
case, then prior inhibition of CaMKII should occlude sub- f
1sequent induction of FRP. Figure 4 shows evidence of
such occlusion. Following inhibition of CaMKII with KN- o
(62, the neuron shown in Figure 4A increased its firing
rate from 5 to 15 spikes/s, but subsequent hyperpolar- t
yization with stimuli that typically induce FRP had no
further effect. This result is summarized for a popula- p
gtion of neurons in Figure 4C; hyperpolarization evoked
a robust increase in firing rate in interleaved control s
aneurons (n = 8; p < 0.01) but had little effect on the firing
rate of neurons in which CaMKII had been previously T
tinhibited with KN-62 (n = 7; p = 0.22). Similar results
were obtained with the peptide inhibitor CaMKII 290– l
i309; firing rate increases averaged 15% ± 6% (n = 8)
in neurons dialyzed with the peptide inhibitor, while in
cinterleaved controls firing rate increased by 67% ± 15%
(n = 6; p = 0.02). Increases in gain induced by hyperpo- t
plarizing stimuli were also occluded by prior blockade ofaMKII (Figure 4B). In neurons pretreated with KN-62
r dialyzed with the peptide inhibitor, hyperpolarizing
timuli had no effect on gain (Figure 4D; n = 13 each;
= 0.0005 and p < 0.001, respectively). Together, these
esults are consistent with the hypothesis that de-
reases in CaMKII activity are necessary for the induc-
ion of FRP.
RP Blocked by Activated CaMKII
f reductions in CaMKII activity trigger FRP, then main-
aining CaMKII activity in a persistently elevated state
hould prevent the induction of FRP. To examine the
onsequences of persistently activated CaMKII on ex-
itability, neurons were recorded with an intracellular
olution containing a thiophosphorylated, truncated
orm of CaMKII that is constitutively active (Lledo et al.,
995). Dialysis with this activated CaMKII had no effect
n excitability in spontaneously active MVN neurons
Figure 5A). In contrast, neurons that did not fire spon-
aneously exhibited decreases in excitability upon dial-
sis with activated CaMKII: membrane potential drop-
ed from −65.4 mV to −69.7 mV (n = 9; p = 0.01), and
ain decreased by 13% ± 2% (n = 11; p = 0.003). Dialy-
is with heat-inactivated CaMKII did not affect excit-
bility in either silent or spontaneously firing neurons.
hese results indicate that spontaneous firing main-
ains CaMKII activity at high levels and that phosphory-
ation of downstream targets that regulate excitability
s near maximal.
Although activated CaMKII did not affect baseline ex-
itability in spontaneously firing neurons, it did block
he induction of FRP. Hyperpolarizing stimuli produced
ersistent increases in firing rate in control neurons re-
Decreases in CaMKII Trigger Plasticity
627Figure 4. Blockade of CaMKII Occludes Fir-
ing Rate Potentiation
(A) Firing rate versus time in a neuron first
treated with KN-62, which increased the fir-
ing rate from 5 spikes/s to 15 spikes/s, then
given 5 min of hyperpolarizing current steps
in an effort to induce firing rate potentiation
(FRP).
(B) KN-62 application increased firing re-
sponse gain from 188 (open symbols) to 709
(spikes/s)/nA (filled symbols). Subsequent
hyperpolarization evoked a small gain in-
crease to 751 spikes/s/nA (triangles).
(C) Firing rate changes evoked by hyperpo-
larization in interleaved controls (open sym-
bols; n = 8) and in neurons pretreated with
saturating KN-62 (filled symbols; n = 7).
(D) Hyperpolarization-evoked changes in fir-
ing response gain in interleaved controls (n =
18), neurons pretreated with KN-62 (n = 13),
and neurons dialyzed with CaMKII 290–309
(n = 13). Error bars indicate SEM.corded with heat-inactivated CaMKII (by 30% ± 2%
when measured 30 min after stimulation; n = 8). In con-
trast, in neurons dialyzed with activated CaMKII, hyper-
polarization evoked a transient increase in firing rate
that decayed to baseline levels within 10 min (Figure
5B; n = 6; p = 0.04). Increases in gain induced by hyper-
polarization were also blocked with active CaMKII (n =
11; p < 0.0001) but were present in neurons dialyzed
with heat-inactivated CaMKII (14% ± 2%; n = 14). These
experiments demonstrate that the induction of FRP re-
quires decreases in CaMKII activity.
Discussion
Studies of neurons that are silent at rest have led to
the notion that CaMKII is largely inactive under basal
conditions and that increases in CaMKII activity medi-
ate synaptic plasticity. In contrast, we have shown that
in spontaneously firing MVN neurons, CaMKII activity is
near maximal and that decreases in CaMKII activity
evoke persistent potentiation of intrinsic excitability. Al-
though the induction of cellular plasticity is widely
thought to require increases in intracellular calcium via
membrane depolarization or synaptic excitation, in
spontaneously firing neurons, synaptic inhibition can
trigger plasticity by reducing intracellular calcium from
tonically elevated levels (Nelson et al., 2003). The po-
tential for bidirectional control of calcium and CaMKII
activity in active neurons implies that the rules for plas-
ticity may differ in spontaneously firing versus silent
neurons.
Our results demonstrate that CaMKII plays a key role
in the signaling pathway for FRP by transforming tran-
sient decreases in intracellular calcium into long-lasting
increases in excitability. Decreases in CaMKII activity
mimic FRP by reducing BK-type calcium-activated po-
tassium currents. FRP triggered by membrane hyper-
polarization is occluded by prior reductions in CaMKII
activity and blocked with constitutively active CaMKII.
These findings establish that decreases in CaMKII ac-tivity are necessary and sufficient for the induction of
FRP.
CaMKII has been described as a biochemical switch
that is turned on to initiate changes in cellular signaling
(Hudmon and Schulman, 2002; Lisman, 1994; Lisman et
al., 2002). In contrast, our results indicate that CaMKII is
switched off during the induction of FRP. The decreases
in intracellular calcium levels that trigger FRP (Nelson
et al., 2003) could reduce CaMKII activity either directly
via inhibitory autophosphorylation or indirectly via in-
teracting proteins (Griffith, 2004; Lu et al., 2003). Inhibi-
tory autophosphorylation at T305/306 can be triggered
by abrupt reductions in calcium levels, reducing CaM-
KII activity (Colbran and Soderling, 1990; Hanson and
Schulman, 1992; Hashimoto et al., 1987; Kuret and
Schulman, 1985; Patton et al., 1990). Low calcium
levels have also been shown to promote inhibitory au-
tophosphorylation by disrupting CaMKII association
with membrane-associated proteins (Lu et al., 2003).
Decreases in intracellular calcium that trigger FRP may
additionally tip the balance between kinase and phos-
phatase activity at T286/287, enabling phosphatase-
mediated inactivation to dominate (Bradshaw et al.,
2003; Lisman et al., 2002; Yoshimura et al., 1999).
Although the decreases in intracellular calcium that
trigger FRP are transient, the resulting increases in ex-
citability persist (Nelson et al., 2003), indicating that re-
ductions in CaMKII activity may be long lasting. Inhibi-
tory autophosphorylation of CaMKII via T305/306 renders
CaMKII insensitive to increases in Ca2+, reducing en-
zyme activity for an extended period (Hashimoto et al.,
1987; Kuret and Schulman, 1985; Lai et al., 1987; Lick-
teig et al., 1988; Lou and Schulman, 1989; Schworer et
al., 1986). Decreases in intracellular calcium levels also
change the subcellular distribution of the kinase, influ-
encing its activity and distancing it from calcium
sources and molecular targets at the membrane (El-
gersma et al., 2002; Fox, 2003; Griffith, 2004; Lu et al.,
2003; Schulman, 2004; Shen and Meyer, 1999).
What are the molecular targets of CaMKII, and how
do they regulate excitability? Previous studies have
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Figure 5. Thiophosphorylated CaMKII Blocks Induction of Firing a
Rate Potentiation G
(A) In a neuron firing action potentials at 4 spikes/s/nA, inclusion of i
activated CaMKII in the recording pipet did not change firing re-
sponse gain (158 spikes/s/nA).
d(B) Firing rate changes evoked by hyperpolarization in neurons dia-
ilyzed with heat-inactivated CaMKII (open symbols; n = 8) or with
in vitro activated CaMKII (filled symbols; n = 6). l
(C) Hyperpolarization-triggered changes in firing response gain in s
neurons treated with activated CaMKII (n = 11) or heat-inactivated f
CaMKII (n = 14). Error bars indicate SEM.
a
a
Lidentified sodium currents (Serafin et al., 1991), calcium
2and potassium currents (Johnston et al., 1994), and
ocalcium-activated potassium currents (Smith et al.,
f2002) in the generation and shaping of action potentials
cin MVN neurons. Evidence presented here indicates
s
that CaMKII positively regulates BK-type calcium-acti-
s
vated potassium currents. CaMKII may phosphorylate
b
BK channels directly, leading to net increases in BK
currents. A direct regulation of BK channels by CaMKII E
has been found in human mesangial cells and at the
SDrosophila neuromuscular junction (Sansom et al., 2000;
CZhou et al., 1999). In hippocampal neurons, CaMKII phos-
Cphorylation of Kv4.2 channel subunits regulates excit-
b
ability in an activity-dependent fashion (Varga et al., t
2004). Chronic inhibition of CaMKII results in increased N
1firing in cultured hippocampal neurons (Churn et al.,000), but the underlying mechanisms are not known.
aMKII could regulate BK channels indirectly, via their
alcium sources, which in MVN neurons are likely to
nclude T-type and R-type calcium channels (Smith et
l., 2002). Recent studies have demonstrated that the
oltage dependence of T-type channel activation can
e shifted to more hyperpolarized potentials by CaMKII
hosphorylation (Welsby et al., 2003). If decreases in
aMKII activity led to dephosphorylation of T-type
hannels in MVN neurons, a corresponding shift in
hannel activation would reduce calcium availability for
K channels, resulting in increased neuronal excit-
bility.
Vestibular nucleus neurons play a key role in motor
earning in the vestibulo-ocular reflex (Darlington et al.,
002; Lisberger and Pavelko, 1988; Lisberger et al.,
994; Partsalis et al., 1995). MVN neurons transform
ead motion signals into the appropriate oculomotor
ommands. Under conditions that lead to motor learn-
ng in the VOR, MVN neurons exhibit dramatic changes
n their firing responses during head movements that
ediate improvements in oculomotor performance (Lis-
erger and Pavelko, 1988). Motor learning induced by
estibular dysfunction is accompanied by increases in
he intrinsic excitability of MVN neurons (Cameron and
utia, 1997; Darlington et al., 2002). Regulation of CaM-
II activity and FRP could play a critical role. In the
ntact system, high firing rates of MVN neurons main-
ain CaMKII in an elevated state. Peripheral dysfunction
isrupts excitatory drive from the vestibular nerve and
esults in acute loss of spontaneous firing rates in MVN
eurons in vivo (Precht et al., 1966). A sustained reduc-
ion in firing rate and intracellular calcium levels would
rigger FRP: CaMKII activity would decrease, leading to
reduction in BK currents and increases in excitability.
eductions in CaMKII activity could also modulate syn-
ptic receptors and may account for the decreases in
ABA receptor sensitivity observed after motor learn-
ng (Yamanaka et al., 2000).
Our findings imply that the rules for calcium-depen-
ent plasticity differ substantially in spontaneously fir-
ng versus silent neurons. Although neurons that are si-
ent in vitro have been the overwhelming focus of
tudies of cellular plasticity, neurons in many systems
ire spontaneously in vivo, either intrinsically (Aizenman
nd Linden, 1999; Bennett and Wilson, 1999; Bevan
nd Wilson, 1999; Do and Bean, 2003; Jahnsen, 1986;
in and Carpenter, 1993; Mao et al., 2001; Raman et al.,
000; Taddese and Bean, 2002; Uteshev et al., 1995)
r via active excitatory synaptic connections. Tonically
iring neurons are likely to have elevated levels of intra-
ellular calcium and activation of calcium-dependent
ignaling molecules, including CaMKII. Plasticity in
uch neurons could be mediated through synaptic inhi-
ition and decreases in CaMKII activation.
xperimental Procedures
lice Preparation
oronal slices of the brainstem (250–300 m) were prepared from
57/Bl6 mice (as detailed in Sekirnjak and du Lac, 2002) and incu-
ated in carbogenated ACSF at 35°C for 30 min and then at room
emperature until used for experiments. ACSF contained 124 mM
aCl, 26 mM NaHCO3, 5 mM KCl, 1.3 mM MgCl2, 2.5 mM CaCl2,
mM NaH2PO4, 11 mM dextrose.
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629Immunostaining and Blotting
The MVN was dissected from mouse brainstem slices, prepared as
above, and homogenized in buffer containing the following: 10 mM
Tris-HCl (pH 6.8), 2.5% SDS, 2 mM EDTA, 5 mM β-glycerophos-
phate, 0.5 g/ml aprotinin, 10 g/ml leupeptin, and 100 M PMSF
(Sigma). Samples were separated on a 7.5% SDS PAGE and transfer-
red to nitrocellulose membrane (BioRad). The membrane was blocked
with 5% nonfat milk and blotted with antibody. Anti-αCaMKII (Chemi-
con) was used at a concentration of 1:1000, anti-βCaMKII (Zymed)
was used at 1:200, and anti-phospho-CaMKII (Novus) was used at
1:1000. Protein was visualized using an HRP-conjugated goat anti-
mouse or anti-rabbit antibody with a chemiluminescent reaction
(kit, Amersham Biosciences).
Immunohistochemistry was performed on slices prepared as
above. The tissue was fixed overnight at 4°C in 4% paraformalde-
hyde and then treated in 30% sucrose at room temperature for
1 hr before resectioning. The tissue was resectioned into 30 m
sections; blocked in phosphate-buffered saline containing 2% nor-
mal goat serum, 1% BSA, 0.3% Triton X-100; and incubated in pri-
mary antibody overnight at 4°C. Anti-phospho-CaMKII was used at
a concentration of 1:2500; anti-βCaMKII was used at 1:200. Goat
anti-rabbit secondary, conjugated to Cy3 (1:200; Chemicon), and
goat anti-mouse secondary, conjugated to Alexa Fluor 488 (1:500;
Molecular Probes), were used to visualize each primary antibody.
Electrophysiology
Slices from 17- to 24-day-old mice were placed in a submersion
chamber perfused with carbogenated ACSF at 31°C–33°C, supple-
mented with kynurenic acid (2 mM) and picrotoxin (100 M) to
block ionotropic glutamatergic and GABAergic neurotransmission,
respectively. Neurons in the MVN were visualized with differential
interference contrast optics under infrared illumination. Neurons
were patched in the whole-cell, current-clamp mode using an Ax-
oclamp 2B amplifier. Membrane potential was sampled at 3 kHz for
continuous measurement of firing rate; 20–40 kHz sampling was
used for all other measurements. Pipet and access resistances
were bridge balanced throughout each experiment, and voltage
offsets were corrected after removing the electrode from the neu-
ron. Membrane potential traces were corrected by subtracting a
liquid junction potential of −14 mV. Electrodes contained an internal
solution of 140 mM K gluconate, 10 mM HEPES, 8 mM NaCl, 0.1
mM EGTA, 2 mM MgATP, 0.3 mM Na2GTP. To induce FRP, neurons
were hyperpolarized to below spike threshold every other second
for 5 min; this stimulus evokes a maximal level of FRP (Nelson et
al., 2003).
To measure AHP currents, cells were patched in whole-cell mode
using an Axoclamp 1D amplifier without whole-cell capacitance
compensation. During these experiments, neurons were main-
tained in current-clamp mode except for brief periods when AHP
currents were measured. Neurons were then voltage clamped at
−65 mV and given 0.5 ms steps to +25 mV in order to generate an
unclamped action current, followed by a step down to a variety of
holding potentials, to examine the voltage dependence of the
whole-cell current following the generation of a spike. Series resis-
tance and input resistance were measured periodically with small
negative voltage steps.
Pharmacology
KN-62 (Sigma), first dissolved in DMSO, was applied to the ACSF
(final DMSO concentration < 0.1%). CaMKII 290–309 (Sigma), acti-
vated CaMKII (see below), and heat-inactivated CaMKII were
added to the internal solution. Saturation of each pharmacological
agent was established from consecutive firing rate and gain mea-
surements that showed no changes. In neurons treated with agents
in the internal solution, measurements at <1 min following break-
in were compared with later measurements following intracellular
dialysis of the drug.
In vitro activation of truncated CaMKII (New England Biolabs)
was performed following the method of Lledo et al. (1995), using
ATPgS for irreversible phosphorylation of CaMKII. Following activa-
tion, half of the sample was heat inactivated at 65°C for 20 min for
use in interleaved control recordings. Activated or heat-inactivatedCaMKII was diluted in normal internal solution to a final concentra-
tion of 5 U/L.
Data Analysis
For analyses of FRP, neurons were excluded if spontaneous firing
rate was less than 2 spikes/s or input resistance dropped by more
than 15%. Analyses of firing rate included only those neurons in
which baseline firing rate changed by less than 1.5%/min. For
analyses of AHP currents measured in voltage clamp, neurons were
excluded if input resistance dropped by more than 15%, or if series
resistance changed by more than 2 M. AHP currents were
averaged across three trials, subtracting the baseline holding cur-
rent from the total current following the unclamped action current.
Mann-Whitney U tests were used to compare pharmacologically
treated neurons and interleaved controls. One-tailed Student’s t
test was used to compare AHP current before and after drug appli-
cation. Data are reported as means ± SEM.
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